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1. SUMMARY 


Analytical and experimental procedures have been used to predict the 
noise transmission through double wall windows Into the cabin of a twin-engine 
G/A aircraft. The theoretical model Is that of modal analysis. The experi- 
mental noise transmission estimates were obtained utilizing a localized source 
Input. The noise transmission was optimized through a parametric variation of 
the structural and acoustic properties. 

The noise Input pressure due to propeller blade passage harmonics was ex- 
pressed In the form of a propagating random pressure field. These Inputs were 
selected utilizing experimental flight data and empirical predictions. The 
acoustic space of the cabin Interior was approximated by a rectangular enclo- 
sure. The double wall windows are modeled as two plexiglass panels which are 
coupled through the air space that separates them. The modes and frequencies 
of the windows are calculated from closed form solutions. 

The add-on treatments or design changes considered in this study Include 
that of mass addition, increase In plexiglass thickness, decrease in window 
size. Increase in window cavity depth, depressurization of the space between 
the two window plates, replacement of the air cavity with a transparent vis- 
coelastic material, change In the stiffness of the plexiglass material, and 
different absorptive materials for the interior walls of the aircraft. To 
reduce the noise transmitted through the double wall windows to acceptable 
levels, changes In the design of the aircraft window need to be Incorporated, 
The weight added to the aircraft by a new window design Is about 25 lbs. 
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2. INTRODUCTION 


The main emphasis of the present study Is on developing an analytical 
model capable of predicting the noise transmitted through double wall win- 
dows. The theoretical model Is then used to supplement the study presented 
In Ref. 1 and to optimize the noise transmitted In a typical twin-engine G/A 
aircraft. To verify these analytical predictions, experiments were performed 
In the laboratory for a similar window construction utilizing an acoustic 
guide set-up to generate the localized source Inputs. Then, a significant 
amount of effort was devoted to deriving practical recommendations for the 
detailed and systematic evaluation of the various parameters of the add-on 
treatments and/or design changes needed to reduce the noise transmitted 
through aircraft windows to acceptable levels. 

The Information available In the literature and from ongoing research 
on the response and noise transmission of double wall aircraft windows Is 
very limited. The propeller-driven G/A aircraft. In which the maximum noise 
Intensity occurs at low frequencies, deserve special attention. The govern- 
ing differential equations for the vibration of a double wall construction 
are developed for the case in which the core behavior (air space) can be de- 
scribed by a simple uniaxial constitutive law. In this particular case, the 
bending and shearing stresses In the core are neglected. Furthermore, the 
cavity between the two plexiglass plates Is assumed to be uniform. To ac- 
count for the curvature effects of the outside window, corrections are Intro- 
duced when modeling the stiffness of the curved window plate. A modal anal- 
ysis Is utilized to decompose the vibrations of the face plates, and the 
coupled system Is solved by a Galerkln-llke procedure [1,2]. 

The noise transmitted through a double wall window construction Into the 


aircraft shown In Fig. 1 Is obtained by solving a linearized wave equation 
for the Interior sound pressure field. The geometry of the aircraft cabin 
shown In Fig. l suggests that the Interior acoustic space may be treated as 
a rectangular enclosure. Such an Idealization of the cabin allows for simple 
representation of the acoustic modes. The effect of wall absorption Is ac- 
counted for by utilizing point Impedance and bulk reacting models [3], The 
time dependent boundary conditions are transformed Into the governing equa- 
tion and then the solution of the resulting nonhomogeneous differential equa- 
tion with homogeneous boundary conditions Is obtained [4]. 

The exterior surface pressures acting on the aircraft windows are rep- 
resented by a random convectlng pressure field. The noise spectral levels 
are obtained from experimental flight data. The convection trace velocities 
are estimated In approximation from the ground and taxi tests given In [5*6], 
The noise Inputs for the laboratory experiments are generated by an acoustic 
guide set-up wherein a speaker and a noise path isolation device are used. 


3. ANALYTICAL MODEL 


The basic concept of the analytical model used to calculate the noise 
transmission through aircraft windows Is that of modal analysis [1,2,7-10]. 
However, a new approach has been undertaken for solving the acoustic equa- 
tion with time dependent boundary conditions. In this approach, the time 
dependent and absorbing boundary conditions are transformed Into the govern- 
ing equation by utilizing Green's theorem. This solution Is then coupled to 
that of the vibration of the double wall system. 

3.1 Acoustic Model 

Consider that the Interior space of the aircraft shown In Fig. l can be 
approximated by a rectangular enclosure occupying a volume V « abd as shown 
in Fig. 2. The noise enters the Interior space through the vibration of the 
double wall window located at x = a Q + L x , y = b Q + L y and z * 0. The In- 
terior walls of the enclosure are taken to be absorbent for which the point 
Impedance and/or bulk reactance properties are prescribed [3,4]. The per- 
turbation pressure p Inside the enclosure satisfies the linear acoustic wave 
equation 


V 2 p - 8p ■ p/c 2 

where v 2 Is the Laplaclan operator, V 2 = 3 2 /3x + 3 2 / 3 y + 3 2 /3z , and p and 
c are the acoustic damping and speed of sound, respectively. The types of 
boundary conditions to be satisfied by Eq. 1 depend on the interior surface 
conditions of the walls. These could range from those of acoustically hard 
walls to those of highly absorbent walls which are treated with acoustic In- 
sulation materials. Consider a general model of the boundary conditions where 
all the walls Including the vibrating surfaces are absorbent. Then, the 
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boundary conditions to be satisfied by Eq, 1 are [3,4] 

- ap/az ■ - P [p + B( u )(a 2 /ax ? - + a 2 /ay 2 )p]/z( w ) - P « R 

p 

at z ■ Q 
and 


( 2 ) 


ap/an ■ - p[p + B(u)v|p]/z(oi) otherwise (3) 

where Z(u>), B(u>) and v| are the point Impedance, bulk reaction and Laplaclan 
at the surface of the enclosure, respectively. Equation 2 demonstrates that 
the boundary condition for pressure p on z = 0 Is nonhomogeneous due to the 
acceleration Input vi B of the bottom plate (Fig. 3). The solution to a sys- 
tem with nonhomogeneous time dependent boundary conditions can be achieved 
by first transforming the Inhomogeneous term P w B from Eq. 2 Into the govern- 
ing equation (Eq. 1). Consider the expression 


p(x,» z,t) * q(x,y,z,t) + P w B (x,y,t) • G(z) (4) 

where q are the -olutlons to the associate-1 homogeneous problem and G(z) Is 
chosen to satisfy the given boundary conditions. Furthermore, by utilizing 
Green's theorem, the effect of the absorption Introduced through Z(w) and B(w) 
can also be transferred Into the governing equation [8], 

Substituting Eq. 4 Into Eqs. 1-3 yields 

V 2 q - gq - q/c 2 - pf = 0 (5) 

In the enclosure and 


aq/dn « - P [q + B( w )v|q]/ZU) 
on all the boundaries where 


( 6 ) 


5 - 
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f(x.y.z.t) - (-a 2 w B /sx ? - - 3 2 w B /ay 2 + w B /c 2 + pw B ) • G - w B d 2 G/dz ? 

( 7 ) 

In obtaining the boundary conditions given by Eq. 6 , It Is assumed that at 
x •» 0,a and y " 0,b the motions of the flexible wall w R do not extend tc 
those boundaries. Thus, the flexible double wall plate can be located any- 
where In the region e Q £ x £ a-e Q , c Q < y 4 b-c Q where ti Q could be a small 
positive number but e Q f 0 . A suitable form for the function G(z) Is 

G(z) 0 z - 2z 2 /d + z 3 /d 2 (8) 

However, any continuous function which satisfies Eq. 2 Is a suitable func- 
tion for G(z) [11]. 

From Green's theorem 

3Y 

V q,2Y W - Y 1jk»*'X» ■ / § (q -if - Y 1jk |f)ds (9) 

where Y 1jk are the acoustic modes of a rectangular enclosure with hard walls, 
and V and s Indicate the volume and surface Integrals, respectively. Then, 
utilizing Eqs. 5 , 6 and 9 and 

v2v ijk + <“ljk /c > 2y ljk * 0 (10) 

In the enclosure and 

3Y 1jk /3n a 0 

at all the boundaries, It can be shown that 
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n 


6 - 



o 


( 11 ) 
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^IJk + ^1jk“ljk^1jk + “?jk Q ijk + pc ^ijk 

+ fra - It ti + B( “>''s q:iv ijk dA • 0 < 12 > 

where 

■ ! y qY 1jk dV (13) 

F 1Jk(‘) * / ¥ fY 1jk dV (14) 

5 fjk ' Sc2 /( 2 “tjk> (15) 

where w 1 j k are the acoustic modal frequencies and the symbol A In Eq. 12 in- 
dicates that an integration is taken over the absorbing interior surface [8], 
Expanding the function q in terms of the orthogonal modes Y^ k and using Eq. 
13, 


— y 

abd 1 


_ l 

1*0 j=0 


k l Q Q 1jk Y 1jk /(e 1 e j e k ) 


where 


e 1 B 


i * 0 
1 t 0 


(16) 


( 17 ) 


Substitution of Eq. 16 Into Eq. 12 results in 


Oivioljl , l : H i 

OF POOR QUALITY 


«« 

Q 1Jk + 25 1jk“ljk^1jk + w 1jk Q 1jk + (2pc a /Z) 

Ub OJk /a)j o [l ♦ (-D r+1 W rJk /e r 

+ <b 10k /b) j 0 [1 + 


(18) 


+ (b <J0/ d) J 0 Cl + '^“XuV 


where 


+ pc F ijk “ 0 


b 1jk a 1 ‘ B (“)(“ 1 j k /c) 


(19) 


and F 1jk can be ob ^1ned from Eq. 14. Expanding the flexible wall motions of 
the bottom plate In terms of the normal modes corresponding to simple support 


boundary conditions 


WB(X,y,t) ' Jl n»! ^ (t) X »" (x * y) 


(20) 


where A mn are the generalized coordinates and X mn = sin fSL s i n j!2X are the 
panel modes, and using Eq. 14, x y 


FlJk<t ’ ‘ Jl nil L W C k A L<‘> * 

+ D kC((»i-/L x ) 2 + (n./L y ) 2 ) A® n (t) 

+ A mn (t,/cJ + 2t 1jk“1jk A mr/ c2]> 


(21) 


>8 


where 
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L„ L. 


'ijmn 


■ ; o 

/ Y 1J0 (x,y) x mn tx * y)dxdy 


6[1 - 

(-D k ]/0t«) 2 

k f 0 

.1 


k = 0 


2 


d2 (C k 

- l)/(kir) 

k f 0 

d 2 /12 


O 

11 


( 22 ) 


(23) 


Equation 18 and subsequently Eqs. 4 and 16 can be solved in a time domain 
utilizing a numerical integration procedure. However, the information usually 
available on the point impedance Z and the bulk reaction coefficient Bis giv- 
en in a frequency domain. Thus, it is advantageous to develop the solution 
for the acoustic pressure p within a frequency domain. Taking the Fourier 
transformation of Eqs. 18 and 21, 

^ijkWjk " “ 2 + 2 i“ ? ijk u, ijk ) + (2pc 2 1w/Z) • 

+ <- 1 > r+ ']W e r 

* < b 10k' b > j 0 t> ♦ <-l) S+J 3ff 1sk /e s (24) 

♦ (b U0 /d > j 0 t 1 + (-l) U+k ]5 1ju /e u > 

» pcVF 1jk 
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where 
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r ijk (u) 


■ X X IC K + D k C(m * /L x> 2 * «»*/ 
2 

- («/c) + 21 “eij| t “)j k / , c 2 J> 


( 25 ) 


and a bar Indicates a transformed quantity. Then, from Eqs. 4 and 16* the so 
lution for the acoustic pressure In a frequency domain Is 

OO 00 00 

p(x,y,z.«0 * ifj < I o l o k I o v 1jk (x,y,z) 

- « 2 pG(z) w B Cx,y,(o) (26) 


The spectral density S p (x,y,z,w) of the acoustic pressure can be obtained 
by taking the mathematical expectation of Eq. 26 and then using the spectral 
decomposition as presented in Ref. 12. Then, the sound pressure levels Inside 
the enclosure measured in decibels relative to a reference pressure p Q are de- 
termined by 

SPL(x*y,z,o)) » 10 log {S p (x,y,z,<o)WP§} (27) 

where Au> is a selected bandwidth at which the spectral density S p Is estimated 

ft 

and p 0 a 2.9 x 10 psl (20yN/m 2 ). A quantity relating the spectral density 
of the enclosure pressure S p to the spectral density of the external pressure 
S p (a>) Is noise reduction NR, which Is defined as 

NR(x,y,z,w) a 10 log (S p U)/S p (x,y,z,w)} (28) 

It Is now convenient to define the noise reduction on a 1/3 octave scale. 
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Thus 

(i) 

f u s p(“) d " 

Nf W x »y.z»«) * 10 log — — - (29) 

u 

f m S p (x,y,z, u)du> 

where and a> u are the lower and upper bounds, respectively, of each 1/3 
octave band in question* The solution for the perturbation pressure given 
in Eqs. 27-29 is in terms of the flexible wall motions w B (x,y,u) of the double 
wall system shown in Fig. 3. Thus, the response characteristics of the double 
wall window system is determined next. 

3.2 Response of Double Wall Windows 

The double wall aircraft window shown in Fig. 3 is composed of curved 
external and flat Internal plexiglass sheets. The air space between the two 
plates is approximated by a uniformly distributed air spring. A linear sprlng- 
dashpot model is used to characterize the behavior of the air spring. Then, 
a simple double wall structural model Is constructed where both plexiglass 
plates are taken to be flat and simply supported on all four edges. To ac- 
count for the effect of the curvature of the outside panel, the stiffness of 
the outside window Is Increased accordingly. The governing equations of mo- 
tion of the two plates coupled through the linear spring can be written as 

iyi T + c t w t + D t vN t + KjCw T - w B ] 

♦ (1/3) m $ {i T + (1/6) m s w B + p E (x,y,t) = 0 (30) 
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m B V ^B + C B^B + D B v4w B + K S^ w B " W T^ 

+ (1/3) m $ w B + U/6) m s w T - p(x,y,0,t) « 0 (31) 

where 

V 4 « 3 4 /3x 4 + 23 4 /3X 2 3y 2 + 3 4 /3y 4 (32) 

my * Pjhj 

m B " p B h B ( 33 ) 

■s = p s h s 

D t * E T hf/[l2(l - V 2 )] (34a) 

D b a E B h 2 /[l2(l - v 2 )] (34b) 


where wy and w g are the vertical (transverse) displacements of the midsurfaces 
of the top (exterior) and bottom (Interior) plates, respectively. p g (x,y,t) 
and p(x,y,0,t) represent the external random pressure acting normal to the 
exterior window plate and the acoustic back-up pressure acting on the Interior 
plate, respectively. The subscripts T, B and S denote the top plate, the bot- 
tom plate and core, respectively. KgC — ] Is a constitutive law operator rep- 
resenting the forces exerted on the elastic plates by the core. When the core 
is very soft, Poisson's ratio of the material Is nearly zero, and the bending 
and shearing stresses are negligible; consequently, the material can be des- 
cribed by a uniaxial stress-strain relation. In obtaining Eqs. 30 and 31 It 
was assumed that the Inertia force varies linearly across the thickness of 
the soft core. Thus a consistent mass formulation Is used with the terms 
m g /3 and m s /6 representing the apportioned contributions of the mass of the 
core to the two plates. 


-12 


ORfGI. J\), Jg, 

OF POOR QUALITY 

Depending on the type of core material used to construct the double wall 
system, there exist several linear models to characterize the soft core be- 
havior. These models Include: 

1. Linear Elastic Spring Free of Damping 

KgCwj] = k s w $ • E s w $ /h s (35) 

where w ^ Is the relative displacement of the core and h^ Is the core 
thickness (w $ ■ Wy - w Q ). 

2. Linear Elastic Spring with Structural Damping 

K$Cw s ] * k s (l + 1g s )w s = E s (l + ig s )w s /h s (36) 

where g $ Is the structural damping factor and i = J-l. 

3. Linear Elastic Spring with Viscous Damping 

KgCwg] * k $ w s + c $ w s « E $ Wj/h s + n s w s /h$ (37) 

where n $ Is the viscosity of the soft core material. 

4. Linear Viscoelastic Model 

^[w s ] ■ E s Mw s /h3 ■ (UM * 1 E|(«.)w s /h s (38) 

where E s (w) Is a complex Young's modulus and a bar indicates a Fourier 
transform. Eg and Eg are real functions. 

Depending on the complexity of the core material (non-uniform cavity, 
air leakage, materials other than air, etc.), the core behavior could be 
modeled by one of the expressions given In Eqs. 35-38. The linear visco- 
elastic model given In Eq. 38 is the most general expression that can be 
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used to represent soft core behavior. 

The solutions to Eqs, 30 and 31 can be expanded In terms of simply sup- 
ported plate modes 

" T(x ' y,t) ■ X X A * (ti *"" ix,y> <39) 

' ml X A "" (t) X "" tx,y) (40) 

T B 

where Min and Min are generalized coordinates of the top and bottom plates, 
respectively, and X mn = sin (mirx/L x ) sin (mry/L y ). Substituting Eqs. 39 and 
40 into Eqs. 30 and 31 and utilizing the orthogonality principle yields a set 
of coupled differential equations In A^ n and A^ n . Taking the Fourier trans- 
formation of these equations gives 

*mnM = H mn (u) [F mn (w) + O w)(E S (w)/h S + («) 

*mn (w) a H mn (u) ^n (ai) + ^ n (lo)(E S ( “ )/h S + “ 2b s )/m B 3 ( 42 ) 

H Ii (w) a {( “mn ) ‘ (a T /m T )w2 + 2 i““L c mn + < 43 ) 

H Sn (w) a { ^L )2 ‘ (V m B )w2 + Z l m lAn + <*> 

In which aj = nvj. + m s /3, a B * m g + m s /3, b s * m s /6, and Sj^ n are the trans- 
formed modal amplitudes of A^ n and A® n , and l*® n are the generalized random 
forces 

L y L x 

F inn (tt,) a JjT / Q L PE^»yiw) X mn (x,y)dxdy (45) 

mn y 
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f’-J 

of roon q'jmivy 

L y L x 

-3" L L X mn t*.y)<lxdy (46) 

m mn u u 

where mL and M® are the generalized masses of the top and bottom plates, 
mn mn 

respectively 


t y x 

M mn 8 ®T / / 

mn T ' 0 

Xj n (x,y)dxdy 

(47) 

L L„ 



r y X 

HlL * m R / / 

ran B 

X* n (x,y)dxdy 

(48) 


In obtaining these equations a linear viscoelastic model from Eq. 37 was se- 
lected to represent the behavior of the core material. The quantities cj n 
and are the modal damping ratios of the top and bottom plates, respective- 
ly. The uncoupled frequencies of the face plates can be obtained from 

“mn = (D-f/mr)^[(mir/L x ) 2 + (nir/L y ) 2 ] (49) 

“mn " (V m B^ mir/L x) 2 + (nir/L y ) 2 3 (50) 

The acoustic cavity back-up pressure F(x,y,0,u)) Is a function of the bot- 
tom plate motion. To determine completely the plate motion, the governing 

♦ j 

equations of the acoustic field Inside the enclosure need to be solved as a 
coupled system together with the face plate equations of the double wall sys- 
tem. However, It has been shown In numerous references that, except when the ; 

\ !■ 

panel Is very thin and the enclosure Is shallow, the effect of the acoustic i 

back-up pressure on the response of the bottom panel Is negligible. In the 

present study, the back-up acoustic pressure Is neglected by Imposing ?(x,y, | 

r, \ I 

0.“) * a 0. As a result, from Eqs. 41-44, the frequency response func- ; 

tlons of the double wall sandwich system are 
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original 


0 mn 

0 B 

mn 


a imii 

1 - (E s /h s + “ a b s ) "(H^ n /m T ) ( H® n /m B ) 

* 0 li<V h S + “ 2b s)( H ^ m B) 


(45) 

(46) 


Equations 40 and 42 are then substituted Into Eqs. 25 and 26 from which the 
solution for the perturbation pressure p” and subsequently the spectral densi- 
ty S p are determined, 

3.3 Natural Frequencies of the Double Wall Aircraft Windows 

The natural frequencies of the coupled system can be determined by set- 
T B 

Sin * ^mn “ * 0 and maximizing the frequency response functions 

of Eqs. 45 and 46. For each set of modal Indices (m,n), the natural frequen- 
cies of the coupled system can be calculated from 

Sin * £C B mn 1 (B mn " 4AC mn )%]/2A}JS (47) 

where 

A * a T a B ' b l (48) 

j2 q 2 

B mn * ^“mn + E S^ h S^ a B + ^ m B“mn + E S^ h S^ a T + 2b s E S^ h S ( 49 ) 

C mn ’ (m T\n * E S /h S>'VW * E S /h S> * (E S /h S )2 I 50 ) 

Equation 47 gives two real characteristic values for each set of modal Indi- 
ces (m»n). These roots are associated with the In-phase flexural and out-of- 
phase dllatatlonal vibration frequencies of the double wall system. The dlla- 
tatlonal vibration frequencies are strongly dependent on the core stiffness 
represented by E^CwJ/hg. For large values of core stiffness these frequencies 
could become very large, and the linear theory developed for a soft core with 
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a uniaxial stress-strain relation would lose Its meaning. 

To account for the curvature effect of the exterior panel, the uncoupled 
modal frequencies given in Eq, 49 are modified according to a procedure sug- 
gested In Ref. 13. Then, the uncoupled modal frequencies of the exterior win- 
dow are calculated from 


where R Is the average radius of the curvature. 

Pressurization of the cabin and/or depressurization of the air space 
between the two window sheets Increases the stiffness of the plexiglass plates. 
Such an effect can be Included through the average In the plane loads IT a 
ApR/2 and lT y * ApR corresponding to the axial and circumferential directions, 
respectively. The natural frequencies are then calculated from 

<V>flat * <" 2 / L i + + <V' L S 

+ F y n2/L2)/ P|n h} % (52) 

It should be noted that the average value of the radius R Is different for 
the Interior and exterior window sheets, 

3.4 External Pressure Field 

The external surface pressure acting on the exterior side of the aircraft 
window Is propeller noise due to blade passage harmonics and the turbulent 
boundary layer. The cross-spectral density of the Input pressure Is assumed 
to be separable In the direction of propagation and that perpendicular to It 
and Is given as 
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where Sj(w) Is the power spectral density for the j-th window unit, 5 - x g - 
x l* n * y 2 " y l are the s P at1a1 separations, and V x and V y are the trace ve- 
locities corresponding to the x- and y-dlrectlons, respectively. The expres- 
sion given In Eq. 53 Is limited to spatially non-decaying convectlng sound 
pressure fields. The sound pressure levels characterized by the spectral 
density Sj(u>) are taken to be uniformly distributed over each window surface, 
but varying In a step-wise fashion from one window to another. These spectral 
densities are obtained from the exterior surface pressure data measured In 
flight Cl], In addition, the empirical prediction of surface noise due to 
propeller blade passage harmonics are utilized to distribute the noise Inten- 
sities over the aircraft fuselage [6], Subsonic trace velocities correspond- 
ing to the propeller rotation tip speed were taken for the vertical direction 
y, and sonic trace velocities were assumed for the longitudinal direction x 
(normal to the propeller rotation plane). The values of V = 510 ft/sec and 
V x = 1100 ft/ sec were used for all numerical computations. 


3.5 Interior Wall Impedance 

In calculating the noise transmitted into an aircraft cabin through 
windows, It Is necessary to prescribe the Impedance and the bulk reactance 
at the Interior walls. Due to the fact that the Interior walls of an air- 
craft cabin are not treated uniformly (depthwise and spatially), the wall 
Impedance Is represented In the average sense. Analytical [14] and empiri- 
cal [15,16] expressions have been used to represent the Impedance of walls 
treated with porous acoustic materials. For a normal acoustic Impedance of 
porous materials backed by a rigid wall, Ref. 15 defines the fiberglass Im- 
pedance by 
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The characteristic Impedance from empirical data Is usually expressed as a 
fuictlon of the dimensionless parameter p f w/2irR f [15], 


fi^ui -0.754 PfW -0.732 /ec\ 

Z(u) " P f c f {(l + .0571 ( 3 ^) - 1 ( .087 ( 2 ^) )) 


Numerical results were obtained for B(w) 8 0 and the case where the In- 
terior walls of the aircraft shown In Fig. 1 are treated uniformly. It was 
found that for frequencies above 125 Hz, the noise transmitted through an 
aircraft window Is about the same for both wall Impedance models given In 
Eqs. 54 and 55. However, for frequencies below 125 Hz, significantly lower 
noise levels were obtained when the wall impedance was represented by the 
analytical expression (Eq. 54). Furthermore, it was founu that the trans- 
mitted noise levels did not change by much when larger values of the treat- 
ment thickness h f were used In Eq. 54. Due to the unavailability of detailed 
experimental data on the wall Impedance, it is not clear which expression 
gives a better approximation to Z(w). However, the main contribution to 
cabin noise in this aircraft occurs for frequencies above 125 Hz. Thus, 
either Eq. 54 or Eq. 55 can be used to represent the absorption effects at 
the walls for the 6 /A aircraft considered in this study. 
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4. NUMERICAL RESULTS 


4.1 Modes and Frequencies 

The natural frequencies of the double wall aircraft windows shown In 
Figs. 3 and 4 were determined using Eqs. 47, 51 and 52. The modes of these 
panel? are sine modes corresponding to simple support boundary conditions. 

The natural frequencies for a typical aircraft window (Panel No, 3 In Fig, 

4) are given In Table 1. These results were obtained using the following 
data: L x ■ 13.75 In, L y ■ 13.13, Vy ■ vg * 0.35, hy ■ hg ■ 0.25 In, h $ ■ 

0.63 In, py 8 p B 8 1.06 x 10’* lb-sec 2 /1n*, Ey 8 5.6 x 10® psl, Eg = 4.6 x 
10® psl, p r 8 1.1 x 10’ 7 1b-sec 2 /in*, c 8 13,224 In/sec, R 8 30 In, ap 8 0. 

C 

o 

The air spring In the cavity was modeled as E $ /h s 8 p c c /h $ , The coupling 
between the top and bottom plates Is mainly provided by the action of the 
air spring. The inertia coupling as given In Eqs. 30 and 31 Is negligible 
when the medium of the cavity Is air. The uncoupled natural frequencies 
given In Table 1 were obtained utilizing Eqs. 49 and 51 for the curved top 
plate and Eq. 50 for the flat bottom plate. To simulate. In approximation, 
a clamped-clamped boundary condition, the stiffness of both plates was In- 
creased by multiplying Dy and Dg by The coupled modal frequencies de- 
C D 

noted by f and f correspond to in-phase flexural and out-of-phase dllata- 
tlonal modes, respectively. The first dllatatlonal mode occurs at a frequen- 
cy of 309 Hz while the first bending mode Is at 165 Hz. These modes span 
the range of the second to fourth propeller blade passage harmonics. Simi- 
lar results were obtained for all the other aircraft windows shown In Fig. 

4 . 
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4.2 Noise Transmission Through Aircraft Windows 
4.2.1 Theory and Experiment 

To verify the theoretical predictions developed In Section 3* a series 
of experiments was conducted with an acoustic guide set-up as shown In Fig. 

5. The Inputs were generated by the acoustic guide and the outputs were 
measured at eleven positions Inside the aircraft as shown In Fig. 5. The 
test article for these experiments was the fuselage of a twin engine 1957 
Rockwell AeroCommander aircraft. The test window measured 15 in x 15 In 
and was constructed from a curved (R # 35 In) exterior and flat Interior 
plexiglass panel, each with a thickness of 0.14 In. The aircraft Interior 
was subjected to three absorbent wall treatments under each of which the 
noise transmitted through the window was measured. These treatments in- 
cluded: (1) Y-370 constrained layer damping tape; (2) Y-370 damping tape 

+ three layers of AA acoustic blankets + carpeting (floor); and (3) Y-370 
damping tape + 1.5 1r thick foam with soft interior facing + carpeting (floor). 

The one-third octave noise reductions are shown in Figs. 6 and 7 for the 
case of a light wall treatment (Y-370 damping tape) at two positions In the 
aircraft. The theoretical curves were obtained using Eq. 29 and the proced- 
ures presented In Section 3. The Interior wall absorption was modeled by 
the empirical point impedance expression given in Eq. 55 with B 1.1 x iO 
lb-sec 2 /1n 4 , c f = 13,224 in/sec and R f = 10 x 10 4 mks rayal/m. The struc- 
tural and acoustic modal damping coefficients were taken as 


4n " Wl^mn) 

(56a) 

B B / B i B \ 

c mn ^mrr 

(56b) 

5 1jk * «o ( "100 / “1Jk> 

(57) 




-21 


“V, 


'‘o 





© 


.A 


C* 


o 


where are the modal frequencies of the rectangular enclosure which can 
be evaluated from 

«1jk ° C{(1ir/a) + ( jir/b) 2 + (kir/d) 2 } 15 (58) 

The modal damping coefficients of the aircraft windows measured In the labor- 
atory environment [17] are on the order of 5% of the critical damping for the 
fundamental mode. Thus, In the present study, the values of « 0.05 

were used for all the calculations. The acoustic damping coefficient Is 
a function of the Interior conditions of the cabin. For a lightly treated 
cabin, a value of * 0.05 was used. Damping of the acoustic cavity bounded 
by the two window plates Is Introduced through the complex stiffness modulus 
E,(l + l9 s )» In view of the light damping of a cavity filled with air, a 
loss factor of g $ ■ 0.02 was used. 

As can be observed from the results presented in Figs. 6 and 7, the 
agreement between theory and experiment Is relatively good in view of the 
complexities involved. Furthermore, these results show that the noise 
transmitted by a localized path such as a window rapidly attenuates as the 
distance from the source (window) and the point where the output Is measured 
at Increases. The amount of noise attenuation at different spatial locations 
Is also a function of the particular frequency. 

4.2.2 Experimental Study of Noise Transmission Through Aircraft 
Windows — — 

A series of experiments have been conducted to assess the significance 
of noise transmission through double wall aircraft windows. The experimental 
set-up Is the same one as that described In Section 4,2.1. The Interior 
noise measurements were obtained at about 10 Inches from the wall (except 
for position No, 11) for all the positions shown In Fig, 5. The one-third 



octave noise reductions achieved by the three wall treatments described In 
Section 4.2.1 are shown In Figs. 8 and 9 for two positions In the cabin. 

The results shown In Fig. 8 correspond to the location of the window through 
which the noise Is being transmitted. At this particular position, the 
noise reduction Is the lowest. Furthermore, the acoustic foam seems to ex- 
hibit better absorption characteristics than the two other treatments for 
the frequency range of about 70-600 Hz. However, at locations away from the 
noise transmitting window* no clear picture can be established of which treat- 
ment gives the better noise attenuation. As can be observed from these re- 
sults, the Increase in noise reduction due to an add-on wall treatment Is 
not very great when the noise is transmitted through a localized and un- 
treated (window) region in an aircraft. This Is mainly due to the fact that 
the add-on materials terminate at the elastic surface of which the aircraft 
sidewalls are constructed. These elastic surfaces vibrate and radiate noise 
energy not only into but also out of the cabin. However, if the walls of 
the enclosure are acoustically hard (semi-rigid walls), the effect of add-on 
treatments would be much more significant than the results indicated In Figs. 
8 and 9. Such an effect Is Illustrated In Fig. 10 where the noise levels in 
the cabin are predicted analytically for two acoustic damping and acoustic 
absorption conditions. An acoustic damping coefficient 5 0 * 0.005 and re- 
sistance of acoustic material a 50 x 10^ mks rayals/m could simulate such 
an enclosure with acoustically hard walls. 

To Illustrate the noise variation within the cabin, noise reduction Is 
plotted in Figs. 11-28 for several one-third octave center frequencies. The 
position #9 Indicated In these figures always corresponds to the port side 
of the aircraft. As can be observed from these results, noise reduction In- 
creases as the distance from the source (window) Increases. Furthermore, 
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noise attenuation Is In general greater when acoustic blankets or acoustic 
foams are added to the Interior walls. However, for frequencies up to about 
300 Hz, less noise reduction was observed at some locations for a cabin 
treated with Y-370 damping tape + acoustic foams or acoustic blankets than 
for a baseline condition with Y-370 damping tape only. This could be at- 
tributed to the decrease In the Interior volume of the cabin. The reduc- 
tion Is about 2 Inches on all sides for acoustic blankets and 3 Inches for 
acoustic foams. The last layer of acoustic blankets covered the frames 
while acoustic foams were added to the Interior flanges of the frames. Fur- 
thermore, noise reduction Is somewhat greater at the rear of the cabin than 
at the pilot or co-pilot positions. Since the windshield and forward area 
of the cockpit were not treated. It Is to be expected that noise levels will 
be higher in that vicinity. For frequencies up to about 500 Hz, acoustic 
foam seems to provide more noise attenuation than three layers of AA acous- 
tic blankets. Above 500 Hz, more noise reduction is realized at most posi- 
tions for the acoustic blankets treatment. In addition, for high frequen- 
cies (above 800 Hz) the noise distribution within the cabin is more uniform 
than it is at lower frequencies. For frequencies up to about 500 Hz, the In 
crease In noise reduction at the location of the source (10 inches from the 
window) ranges from about -2 to 3 dB for the AA porous blankets and 3 to 6 
dB for acoustic foam treatments. For frequencies above 500 Hz, these ranges 
are 3 to 9 dB and 0 to 8 dB* respectively. On the average, the source noise 
Is attenuated at the rate of about 2 dB/ft. However, at the wall opposite 
the source, a lower rate of noise reduction was observed. This Is due to 
the reflection of the acoustic waves at the wall. Similar trends were ob- 
served for all of the three add-on treatments considered in this study. 
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^•2*3 Theoreti cal Parametric Study of Noise Transmission 
Through Aircraft windows ~ 

The analytical model for calculating noise transmission (described In Sec- 
tion 3) was applied to estimate the effect of acoustic and structural param- 
eter variation on the cabin noise environment of a 6/A aircraft whose typical 
features are shown In Fig. 1, These calculations were performed for flight 
conditions and measured the propeller noise and turbulent boundary layer In- 
puts [1], The Interior sound pressure levels were estimated In the vicinity 
of the propeller plane where the noise levels are expected to be the highest, 
l.e., at x = 78 In, y = 36 In and z = 8 In (see Figs. 1, 2 and 4). The noise 
transmitted was calculated at each of the window units shown In Fig. 4. Then, 
the total noise In the cabin due to all the windows was obtained by superpo- 
sition of all the Individual contributions. 

The narrow band sound pressure levels due to the noise transmitted 
through window unit No. 3 are given in Fig. 29. Distinct peaks at the pro- 
peller blade passage harmonics are observed for frequencies up to about 800 
Hz. The transmitted noise Is clearly dominated by the first three blade pas- 
sage harmonics. However, the A-welghted one-third octave noise levels shown 
In Fig. 30 suggest that the main contribution to cabin noise on an A-welghted 
scale comes from the second and third blade passage harmonics. The total 
noise transmitted by all window units is also shown In Fig. 30. The Interior 
noise at this location Is dominated by the noise transmitted by window unit 
Nos. 2, 3 and 5. These results serve as the baseline configuration of noise 
transmission through aircraft windows for the noise optimization study pre- 
sented In Ref. 1. The results shown In Figs. 29 and 30 Indicate relatively 
high noise levels In the frequency range of about 100-300 Hz. The main peaks 
are at the second and third blade passage harmonics. To Improve the Interior 
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noise environment of this aircraft, additional noise attenuation mould need 
to be achieved by the windows. In view of these observations, an extensive 
parametric noise transmission study has been conducted. For this purpose, 
window unit No. 3, located In the vicinity of the propeller plane, Is se- 
lected as the baseline configuration. Then, the noise transmitted through 

this window is calculated for a variety of add-on treatments and/or new de- 
sign configurations. 

The effect of the addition of non-load carrying mass to the outside 
(curved) and Inside windows Is given In Figs. 31 and 32. Adding mass to the 
outside window has only a minor effect on noise reduction In the frequency 
range 100-300 Hz. Furthermore, noise Increases for frequencies above 400 Hz. 
This Is due to the fact that with added mass, many more modes are now par- 
ticipating at high frequencies. Since the outside window merely provides the 
vibration coupling with the Inside window via the air gap, the application of 
the mass law to the noise attenuation of double wall systems Is not valid In 
this case. Mass addition to the Inside window Increases the noise at the 
first propeller blade passage harmonic, but It decreases noise at most other 
frequencies. Approximately 3 dBA and 5dBA additional noise reduction Is 
realized at the second and third blade passage harmonics, respectively, with 
2 lb/ft of mass added to the Inside window. The effect on the transmitted 
noise due to an Increase or decrease In the plexiglass thickness of the out- 
side and Inside sheets Is Illustrated In Figs. 33 and 34. As can be observed 
from these results. Increasing the thickness of the exterior sheet could be 
ve-y effective for noise transmission control. Similar trends were observed 
from tests of double wall windows Be], Doubling of the exterior window thick- 
ness (from 0.25 In to 0.5 In) would decrease the Interior noise at the second 
and third blade passage harmonics by about 12 dBA and 9 dBA, respectively. 




Doubling of the Interior sheet thickness Increases noise reduction at the 
same frequencies by about 8 dBA and 3 dBA, respectively. A thinner window 
construction (h ■ 0.125 in) would Increase Interior noise by about 3-6 dBA 
at the first blade passage harmonic and by 1 dBA at the second and third 
blade passage harmonics. However, a substantial Increase In transmitted 
noise would result for frequencies above 400 Hz. 

The Interior noise levels for different window sizes are plotted in Fig. 
35. A small window size of 10 In x 10 in shows substantial gains over the 
baseline window of 13.75 x 13.13 In at the first three blade passage harmon- 
ics. However, a smaller window transmits more noise for frequencies above 
300 Hz. The effect on noise transmission due to different cavity depths 
(distance between the outside and Inside windows) Is shown In Fig. 36. From 
these results It can be seen that only when the cavity depth becomes unreal- 
istically large does the noise attenuation at the second and third blade pas- 
sage harmonics reach 3 dBA and 9 dBA, respectively. The effect on noise 
transmission due to changes In the elastic modulus of the exterior and In- 
terior windows is shown in Figs. 37 and 38. As can be seen from those re- 
sults, an increase In the elastic modulus of the Interior sheet has a negli- 
gible effect at the second and third blade passage harmonics. A similar In- 
crease In the elastic modulus of the exterior sheet results in about 2 dBA 
noise attenuation at the same frequencies. 

To account for the curvature effect of the exterior window, the modal 
frequencies were scaled by multiplying the natural frequencies of the flat 
panels by /TJ. All the results shown In Figs. 29-38 were obtained using 
this procedure. It Is believed that such a frequency scaling approximates 
the baseline configuration. However, the natural frequencies of curved pan- 
els can be calculated from Eq. 51 where, to account for curvature, a modlflca- 
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tlon factor has been Introduced . It should be noted that this equation Is 
approximate and only allows for a correction to the flat panel equation. 

The Interior noise levels are plotted In Fig. 39 for several values of the 
exterior window sheet radius R, With a decreasing value of the radius R, 
the stiffness of the exterior panel Increases, resulting In lower noise le- 
vels for frequencies up to about 400 Hz. The radius of the curvature of the 
baseline construction Is about R ■ 30 In. Thus, for frequencies of up to 
400 Hz, the baseline configuration and Eq. 39 give approximately the same 
results. However, for frequencies above 400 Hz, the noise levels are sub- 
stantially higher when Eq. 39 Is used. This Is due to the fact that modal 
frequencies above 400 Hz are lower when using Eq. 39 as compared to those 
using the baseline. Thus, several additional modes are now Included In this 
frequency range. For a baseline configuration, those modes were above the 
frequency cut-off considered In this study (1124 Hz). However, In all of 
these cases the Interior noise Is still dominated by the second and third 
blade passage harmonics. Only when the radius decreases to R * 15 In, does 
the noise at higher frequencies (above 400 Hz) start to dominate. A window 
with R = 15 in might be an unrealistic design. 

The core material (air In the baseline design) provides coupling between 
the motions of the outside and Inside window sheets. To evaluate the effect 
of a dense core, It is assumed that the air space between the two sheets Is 
filled with a clear fluid which Is allowed to expand and contract through the 
spaces provided at the boundaries. The density of the fluid Is taken to be 
equivalent to the density of water (1.94 slugs/ft 3 ). The spring constant of 
the expanding/contracting fluid Is represented by kj « Eg/h s where Ej ■ 

E q (1 + 1g) Is the complex stiffness modulus of the fluid under bulk compres- 
sion, g Is the loss factor and hg is the core thickness. If the cavity Is 
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filled with a fluid and the boundaries are sealed, E Q Is very large and a 
nearly Incompressible condition Is achieved. In this case, the soft core 
model used In the present study becomes Invalid. However, If a porous bound- 
ary condition Is constructed so that a portion of the fluid could leave the 
main cavity under compression, relatively small values of the compressablllty 
constant E Q might be achieved. The results shown In Fig. 40 reflect the ef- 
fect of core stiffness. The results corresponding to E Q = 3 x 10 3 psl would 
Imply an almost Incompressible core and might not be valid for the present 
soft core model. For the hard core representation, sheer deformations and 
rotary Inertia effects would need to be Included. Those results tend to In- 
dicate that a core filled with heavy fluid would not give the required noise 
attenuation at high frequencies. However, those results are obtained for 
relatively low damping values of the core material (g = 0.02). If the core 
Is replaced with some form of a transparent soft viscoelastic material, the 
damping In the core would Increase. The effect of damping In the core on 
noise transmission Is illustrated In Fig. 41 for the case where E Q • 30 psl. 
The results shown In Fig. 41 for large values of the loss factor g and heavy 
core might be unrealistic since with such an amount of damping the motions 
of the exterior sheet are not transferred through the core Into the Interior 
window sheet. The vibrational energy of the outside window Is dissipated by 
the action of the core since the coupling through the boundaries Is neglected. 
From the results shown In Fig. 40 and 41, It can be seen that the noise trans- 
mission characteristics of a double wall system with a heavy core are signif- 
icantly different from the case where an air spring Is used to model the core 
behavior. In addition to the stiffness coupling, a heavy core also Induces 
strong Inertia coupling between the two plexiglass plates. Such a coupling 
seems to be more pronounced at higher frequencies. 
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The effect on noise reduction due to depressurization of the air space 
between the two plexiglass sheets has been Investigated. A pressure differ- 
ential between the core and the exterior space Induces In-plane loads and 
Increases the stiffness of the plexiglass sheets. Thus, the modal frequen- 
cies of the coupled double wall system Increase with an Increasing pressure 
differential. However, the amount of pressure differential that can be ap- 
plied Is limited by the maximum panel deflection (static) and the air space 
between the two panels. Thus, high pressure differentials would not be suit- 
able for practical Implementation of noise transmission control. The effect 
of the pressure differential Ap was Included In the analytical model (Eq. 52) 
by Introducing the average In-plane loads TT X and N y corresponding to the ax- 
ial and circumferential directions, respectively, and changing the constant 
of air spring between the window panes. The parameter R denotes an average 
value of the radius of the window pane curvature. It should be noted that 
such an average value Is different for the exterior and Interior window 
sheets. The results shown In Fig. 42 Indicate the effect of depressurizing 
the double wall window. The Increase In noise reduction ranges from about 
1 to 3 dBA for Ap * 2 psl and from 3 to 6 dBA for Ap * 4 psl. These results 
were obtained using the analytical wall Impedance model given In Eq. 54 and 
the natural frequency equations (Eqs. 47, 51 and 52) with R * 30 In. Oue to 
large deflections of the window panes [18] for high pressure differentials 
and relatively modest gains In noise attenuation, depressurizing the double 

wall window does not seem to provide an alternative for noise transmission 
control . 
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5. NOISE TRANSMISSION OPTIMIZATION FOR LEAST ADDED WEIGHT 


The results presented In Section 4 Indicate the advantages or disadvan- 
tages of each particular wall treatment and the structural parameter changes 
in the noise transmitted through double wall aircraft windows. The present 
design of this type of aircraft Includes twelve windows with a total surface 
area of about fifteen square feet (15 ft 2 ). The area of the windshield Is 
not Included In this figure. Thus, an Increase In the surface density of 1 
lb/ft would add about 15 lbs to the weight of the aircraft. The optimiza- 
tion criterion Is taken to be such that the noise transmitted through a win- 
dow located In the vicinity of the propeller plane should not exceed 80 dBA 
at all frequencies. The noise transmitted through other window units will 
be less since the Inputs are lower for those windows. Then the total overall 
noise transmitted by all window units will be on the order of about 83-85 dBA. 

The results of the parametric study are summarized In Table 1. The 
noise levels and Incremental noise losses aTL at the three highest peaks are 
given In Table 1. The added weight for a single window unit and for the en- 
tire aircraft are Included In this table. As can be observed from those re- 
sults, the selected optimization criterion will be basically satisfied for 
the following two cases: (1) an Increase In the outside window thickness 

from 0.25 In (baseline) to 0.5 In and (2) a decrease In window size from the 
baseline (13.75 In x 13,13 In) to about 10 In x 10 In. The added weight to 
the aircraft would be about 27 lbs for the first case and negligible weight 
In the second case. It should be noted that when the window size Is reduced, 
the areas of the surrounding elastic panels Increases. Such an Increase In 
panel size could contribute to additional noise transmission Into the air- 
craft due to the vibration of the elastic panels. Thus, to achieve the re- 
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qulred noise attenuation for the double wall windows the following steps 
should be taken: (1) Increase the outside window thickness to about 0.4 In; 

(2) Decrease the window size by approximately one Inch on all sides; (3) 
Increase the distance between the two windows by 30-40% (replacing the flat 
Inside window sheet with a curved sheet could achieve this condition),, The 
added weight to the aircraft In this case would be about 25 lbs. The opti- 
mized A-welghted one-third octave sound pressure levels are given In Fig, 43. 

The main effect of an Interior wall treatment Is to reduce the noise as 
It enters' the cabin through the vibrations of the elastic panels. For noise 
entering through an untreated panel such as a window, partial attenuation Is 
achieved through sound absorption at the treated Interior walls. At the 
first contact, the sound wave will pass Into the porous acoustic materiel 
where It Is partially absorbed. The present study Indicates that either 
acoustic foams or acoustic porous blankets provide some noise attenuation 
where the noise Is transmitted through aircraft windows. This Is especially 
evident for positions Inside the aircraft which are at some distance from 
the noise transmitting source. The foam treatment seems to give better noise 
absorption at low frequencies (up to about 500 Hz) while the acoustic blank- 
ets are more absorbent at higher frequencies. The amount of weight added to 
the aircraft due to these treatments is relatively small. Furthermore, such 
a wall treatment also provides thermal insulation. 


• 6. CONCLUSIONS 


An analytical model has been developed to predict the noise transmitted 
through double wall aircraft windows. The analytical prediction method has 
been validated experimentally with laboratory tests utilizing the cabin of 
a twin engine 6/A aircraft and localized noise Inputs. Experiments were 
also performed to estimate noise distribution characteristics within the 
cabin for typical acoustic add-on treatments. The theoretical model has 
been used to optimize the cabin noise due to propeller noise Inputs. 

The amount of noise transmitted through the windows Is relatively high 
for this aircraft. For the baseline configuration, the peak levels of the 
Interior noise are about 88 dBA at the second and third propeller blade pas- 
sage harmonics. These noise levels have been reduced to about 80 dBA through 
design parameter changes In the double window construction. It was fourd that 
Increasing the exterior plexiglass thickness and/or decreasing the total win- 
dow size could achieve the proper amount of noise reduction for this aircraft. 
The total added weight ot the aircraft Is then about 25 lbs. 
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Table 2 Results of the Parametric Study of Noise 
Transmission Through Double Wall Windows 
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Note: at = insertion loss due to window treatment 
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Fig. 2 Simplified geometry of aircraft cabin 
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Aircraft sidewall used for noise transmission study 
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Noise Transmission Through Double Wall Window: Theory and 
Experiment (Position 9) 
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Noise Transmission Through Double Wall Window: Theory and 
Experiment (Position 5) 
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Noise Reduction of a Window Unit at Position 9 (Experimental) 
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Fig. 9 Noise Reduction for a Window Unit at Position 5 (Experimental) 
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Fig. 10 Interior Noise Levels Transmitted Through Window Unit Nos. 2 and 3 {Fig. 4} 



Fiq. 11 Noise Reduction in the Cabin (Center Frequency = 80 Hz, Port) 
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Reduction in the Cabin (Center Frequency - 80 Hz, Starboard) 
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Reduction in the Cabin (Center Frequency = 160 Hz, Port) 
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FI §• 14 Noise Reduction in the Cdbin (Center Frequency = 160 Hz, Starboard) 



octave center frequency * 250 Hz 



Reduction In the Cabin (Center Frequency * 250 Hz, Port) 









octave center frequency = 315 Hz 



se Reduction in the Cabin (Center Frequency = 315 Hz, Port) 






1/3 octave center frequency = 315 Hz 



Reduction in the Cabin (Center Frequency = 315 Hz, Starboard) 





1/3 octave center frequency = 400 Hz 



Reduction in the Cabin (Center Frequency = 400 Hz, Port) 







Reduction in the Cabin (Center Frequency = 4(H) Hz, Starboard) 




1/3 octave center frequency = 500 Hz 



Reduction in the Cabin (Center Frequency = 500 Hz, Port) 








Reduction in the Cabin (Center Frequency = 500 Hz, Starboard) 







1/3 octave center frequency = 630 Hz 



Fig. 23 Noise Reduction in the Cabin (Center Frequency = 630 Hz, Port) 



octave center frequency = 630 Hz 



Reduction in the Cabin (Center Frequency = 630 Hz, Starboard) 







Reduction in the Cabin (Center Frequency = 800 Hz, Port) 







Reduction in the Cabin (Center Frequency = 800 Hz, Starboard) 







Fig. 27. Noise Reduction in the Cabin (Center Frequency = 1000 Hz, Port) 
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Fig. 29 Sound Pressure Levels for Window Unit No. 3 (Fig. 4). 
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Fig. 33 A-Weighted Interior Noise Levels (Different Thicknesses of Outside Window) 
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Fig. 3$ A-Weighted Interior Noise Levels (Different Thicknesses of Inside Window) 
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Fig. 37 A-Weighted Interior Noise Levels (Different Elasticity Hoduli of Exterior Mindow) 
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Fig. 39 A-Weighted Interior Noise Levels (Different Radii of Curvature) 
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Fig. 40 Interior Noise Levels for a Heavy Core with Different Compressibility Conditions 
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ONE-THIRD OCTAVE BAND CENTER FREQUENCIES IN Hr 
Fig. 41 Interior Noise Levels for a Heavy Core and Different Damping Factors in the Core 
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APPENDIX 
List of Symbols 


a,b,d 




c f 

C B* C T 


» dimensions of rectangular enclosure 
» my + m s /3 

• nij + m $ /3 

= surface area 

» generalized coordinates of top and bottom plates, 
respectively 

« m s /6 

= bulk reaction coefficient of absorbing layer 

• speed of sound 

■ speed of sound In porous material 

• damping coefficients (per unit area) of bottom 
plate and top plate, respectively 


D 

d b ,d t 

e b» e s* e t 

E S U) » E|(o)) + 1E|(u») 
9 S 

g s (m) a Ej(ttf)/Eg(a)) 
8 ( 2 ) 

h 

hg^.hr 

h f 

1,j»k,*,m,n,r,s,u 


8 flexural rigidity of a plate 

* flexural rigidities of bottom plate, flexible wall, 
and top plate, respectively 

* moduli of elasticity of bottom plate, soft core, 
and top plate, respectively 

= complex Young's modulus of viscoelastic core material 

= structural damping factor of soft core 

= damping factor of viscoelastic core 

= function chosen to modify acoustic boundary condi- 
tions 

* plate thickness 

■ thicknesses of bottom plate, core, and top plate, 
respectively 

» thickness of porous material 

« structural and acoustic modal Indices 


-/ 




1 B vT ■ Imaginary unit 

Kg ■ constitutive law operator of the core 

k $ 3 spring stiffness of the core 

L 1jmn 8 acoustical -structural modal coupling coefficients 

L x* L y a dimensions of plates 

m B ,m s ,m T 3 densities of bottom plate, soft core, and top plate, respectively, 
per unit area 

B T 

M mn ,M mn * generalized masses of bottom and top plates, respectively 
n * outward normal to walls of enclosure 


\* H y 

NR 

"* 1/3 


P 

Po 


Pe 




q 1j 

Q 1jk 



* average In-plane membrane stress resultants of the plates 

* noise reduction 

* 1/3-octave noise reduction 

* acoustic pressure field Inside enclosure 

* reference pressure 3 2.9 x 10" 9 psl * 20 uN/m 2 

* external noise pressure acting on the double wall system 
= porosity 

3 generalized random forces 
3 acoustic modal coefficients 
3 acoustic generalized coordinates 
3 average radius of curved window 
3 resistivity of porous material 
3 cross-spectral density of random noise Input 
3 spectral density of the Input for the j-th window 
3 spectral density of acoustic pressure Inside enclosure 
3 prescribed spectral density of external noise pressure 

° ence d pressure e p 1eVe1 measured in dec1bels relative to the refer- 
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V, * 




ft) 


v\ 


W B ,W T 

w s 

x,y 

x,y,z 


mn 


Ijk 
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«2 

n 

v 4 


e 0 

5 1jk 
B T 
Snn’Snn 


n S 




V B* V T 

5»n 


5 0 

P 


PB»p$» p t 


• convection velocities of propeller noise corresponding to direc- 
tion along propeller rotation and perpendicular to It, respec- 
tively 

* deflections of bottom plate and top plate, respectively 
8 relative deformation of core 

8 coordinate system for plates 
» Cartesian coordinate system for enclosure 
s mode shapes of top or bottom plate 
8 acoustic mode shapes 
8 Impedance of absorbing layer 
8 acoustic damping coefficient 
8 Dirac delta function 
8 (3-D) Laplaclan operator 

8 (2-D) Laplaclan operator to be taken on boundary surface 
8 bl harmonic operator 

8 arbitrarily small but non-zero positive number 
8 acoustic modal damping ratios 

8 modal damping ratios of bottom and top plates, respectively 
8 viscosity of viscoelastic core material 
8 frequency response functions of the double wall system 
8 Poisson's ratios of bottom and top plates, respectively 
8 spatial separations 
8 acoustic modal damping coefficient 
8 air density 
8 air density In cavity 

8 material densities of bottom plate, soft core, and top plate, res- 
pectively 
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> *4 to « vpp, „ / ".-v, >i&. • 
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pf * gas density In porous material 

P m ■ material density of the plate 

w ■ circular frequency, Fourier transform variable 

■ acoustic natural frequencies 

■ lower and upper bound frequencies, respectively 

B T 

“W'Wi “ uncou Pl ecl frequencies of bottom and top plates, respectively 
fl mn * natural frequencies of the coupled system of double walls 

- = Fourier transform 
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